Zhou X, Wang H, Burg MB, Ferraris JD. Inhibitory phosphorylation of GSK-3␤ by AKT, PKA, and PI3K contributes to high NaCl-induced activation of the transcription factor NFAT5 (TonEBP/ OREBP). Am J Physiol Renal Physiol 304: F908 -F917, 2013. First published January 16, 2013 doi:10.1152/ajprenal.00591.2012.-High NaCl activates the transcription factor nuclear factor of activated T cells 5 (NFAT5), leading to increased transcription of osmoprotective target genes. Kinases PKA, PI3K, AKT1, and p38␣ were known to contribute to the high NaCl-induced increase of NFAT5 activity. We now identify another kinase, GSK-3␤. siRNA-mediated knock-down of GSK-3␤ increases NFAT5 transcriptional and transactivating activities without affecting high NaCl-induced nuclear localization of NFAT5 or NFAT5 protein expression. High NaCl increases phosphorylation of GSK-3␤-S9, which inhibits GSK-3␤. In GSK-3␤-null mouse embryonic fibroblasts transfection of GSK-3␤, in which serine 9 is mutated to alanine, so that it cannot be inhibited by phosphorylation at that site, inhibits high NaCl-induced NFAT5 transcriptional activity more than transfection of wild-type GSK-3␤. High NaClinduced phosphorylation of GSK-3␤-S9 depends on PKA, PI3K, and AKT, but not p38␣. Overexpression of PKA catalytic subunit ␣ or of catalytically active AKT1 reduces inhibition of NFAT5 by GSK-3␤, but overexpression of p38␣ together with its catalytically active upstream kinase, MKK6, does not. Thus, GSK-3␤ normally inhibits NFAT5 by suppressing its transactivating activity. When activated by high NaCl, PKA, PI3K, and AKT1, but not p38␣, increase phosphorylation of GSK-3␤-S9, which reduces the inhibitory effect of GSK-3␤ on NFAT5, and thus contributes to activation of NFAT5. hypertonicity; p38␣; phosphorylation; transactivation; nuclear localization HIGH NACL AND OTHER FORMS of hypertonicity stress cells and, when excessive, are lethal. Interstitial NaCl normally is very high in kidney medullas and can vary considerably (4). Interstitial fluid is also normally hypertonic in some other organs and systemic hypertonicity occurs in some pathophysiological states, but such hypertonicity is not nearly as great as in the kidney medulla (46). Adaptation to hypertonicity depends critically on the transcription factor nuclear factor of activated T cells 5 (NFAT5; also called TonEBP or OREBP) (36, 41, 44) , which activates expression of osmoprotective genes (4). The osmoprotective genes include ones involved in accumulation of compatible organic osmolytes, which reduce elevated intracellular ionic strength and normalize cell volume (4), and a chaperone (HSP70) that protects proteins from misfolding (65). Hypertonicity increases NFAT5 activity by elevating its transactivating activity (17), its nuclear localization (36, 44), its abundance (44), and its phosphorylation (9, 17, 20, 21, 31) . (16), and p38␣ (35, 73), and phosphatases, including SHP-1 (74), contribute to signaling high NaCl-induced activation of NFAT5. In addition to its role in activating expression of osmoprotective genes, NFAT5 is also involved in biological processes that apparently do not involve hypertonic stress, including cardiac development and function (42), vascular smooth muscle migration (26), skeletal muscle myogenesis (47), cancer progression and metastasis (7, 22) , replication of HIV-1, HIV-2, and multiple simian immunodeficiency (53, 54), SFFVp virus replication (67), and expression of multiple Toll-like receptor-induced genes (5).
HIGH NACL AND OTHER FORMS of hypertonicity stress cells and, when excessive, are lethal. Interstitial NaCl normally is very high in kidney medullas and can vary considerably (4) . Interstitial fluid is also normally hypertonic in some other organs and systemic hypertonicity occurs in some pathophysiological states, but such hypertonicity is not nearly as great as in the kidney medulla (46) . Adaptation to hypertonicity depends critically on the transcription factor nuclear factor of activated T cells 5 (NFAT5; also called TonEBP or OREBP) (36, 41, 44) , which activates expression of osmoprotective genes (4) . The osmoprotective genes include ones involved in accumulation of compatible organic osmolytes, which reduce elevated intracellular ionic strength and normalize cell volume (4) , and a chaperone (HSP70) that protects proteins from misfolding (65) . Hypertonicity increases NFAT5 activity by elevating its transactivating activity (17) , its nuclear localization (36, 44) , its abundance (44) , and its phosphorylation (9, 17, 20, 21, 31) .
Kinases, including ATM (32), PI3K-1A (30) , c-Abl (21) , CDK5 (20) , AKT1 (58) , PKA (16) , and p38␣ (35, 73) , and phosphatases, including SHP-1 (74) , contribute to signaling high NaCl-induced activation of NFAT5. In addition to its role in activating expression of osmoprotective genes, NFAT5 is also involved in biological processes that apparently do not involve hypertonic stress, including cardiac development and function (42) , vascular smooth muscle migration (26) , skeletal muscle myogenesis (47) , cancer progression and metastasis (7, 22) , replication of HIV-1, HIV-2, and multiple simian immunodeficiency (53, 54) , SFFVp virus replication (67) , and expression of multiple Toll-like receptor-induced genes (5) .
Glycogen synthase kinase-3␤, GSK-3␤ (GSK3B), is a ubiquitously expressed serine/threonine kinase that was originally characterized as phosphorylating and inactivating glycogen synthase, the rate-limiting enzyme of glycogen synthesis (28) . Since then, GSK-3␤ has been found to regulate a wide variety of biological processes such as function of neurons (29) , immunological responses (63) , cardiac hypertrophy (8) , and cancer (43) . The pleiotropic effects of GSK-3␤ involve regulation of many transcription factors, such as CREB, neurogenin 2, SMAD1, c-Jun, ␤-catenin (29) , and NFAT1-4 (63) . GSK-3␤ differs from most other protein kinases in that it is most active in its resting state, resulting in inhibition of its target transcription factors. When cells are stimulated, GSK-3␤ is inhibited, resulting in activation of its substrates. The activity of GSK-3␤ is inhibited by phosphorylation of serine residues, of which serine 9 is most studied (29) . Many kinases, including PKA, PI3K, AKT1, and p38␣, inhibit GSK-3␤ associated with phosphorylation of GSK-3␤-S9 (34) . High NaCl increases phosphorylation of GSK-3␤-S9 in human embryonic kidney 293 (HEK293) cells (30) , but it decreases the phosphorylation in renal medullary interstitial cells (55) .
The present study was undertaken to determine whether high NaCl-induced phosphorylation and inhibition of GSK-3␤ in HEK293 cells contribute to high NaCl-induced activation of NFAT5 and whether PKA, PI3K, AKT1, and p38␣ are involved.
MATERIALS AND METHODS

Cells and chemicals. HEK293 cells, purchased from American
Type Culture Collection (ATCC), and HEK293FT cells (Invitrogen) were incubated in Eagle's minimal essential medium plus 10% fetal bovine serum in 5% CO 2-95% air at 37°C and used between passages 38 and 48. We chose HEK293 and HEK293FT cells because of their good transfection efficiency. HEK293 cells stably expressing a luciferase reporter containing three osmotic response elements (OREs) from the aldose reductase gene or the same elements mutated to prevent specific DNA binding (72) were maintained in the same medium plus 2 g/ml blasticidin and used between passages 39 and 44. Mouse inner medullary collecting duct cells (mIMCD3; gift of Dr. Steven R. Gullans) (56) were cultured in Dulbecco's modified Eagle's medium/Ham's F-12 low glucose (1:1) containing 10% fetal bovine serum and 2 mM L-glutamine in 5% CO2-95% air at 37°C and used between passages 14 and 20. GSK-3␤ Ϫ/Ϫ mouse embryonic fibroblasts (gift of Dr. James R. Woodgett) were incubated in Dulbecco's modified Eagle's medium plus 10% fetal bovine serum in 5% CO 2-95% air at 37°C and used between passages 22 and 32. HeLa cells (ATCC) were cultured in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum in 5% CO 2-95% air at 37°C and used between passages 6 and 10. We used HeLa cells for Duolink in situ assays because HeLa cells do not detach from the plates during the multiple washings that the assay requires, whereas HEK293 and HEK293FT cells do detach. The initial osmolality of media was 290 mosmol/kgH 2O for HEK293 cells and 300 mosmol/kgH2O for mIMCD3 cells, GSK-3␤-null embryonic fibroblasts, and HeLa cells. All experiments were performed on subconfluent cells. SB203580 was purchased from Calbiochem. H89, wortmannin, and triciribin were purchased from Sigma.
Plasmids, siRNAs, transfections, and luciferase activity. Plasmids coding for hemagglutinin (HA)-tagged GSK-3␤ [pcDNA3-GSK-3␤-HA (27) , "GSK-3␤-HA," or "GSK-3␤"], its mutant [pcDNA3-GSK-3␤-S9/ A-HA (27) , "S9/A-HA"], Flag-tagged constitutively active mitogenactivated protein kinase kinase 6 [pcDNA3-MKK6 (glu)-Flag (51), "caMKK6"], and HA-tagged constitutively active serine/theronine kinase AKT1 [pLNCX-Myr-AKT1-HA (52), "caAKT1"] were purchased from Addgene. The plasmid coding for the catalytic subunit ␣ of protein kinase A (pcDNA3-PKAc␣, "PKAc␣") was a gift of Dr. Sankar Ghosh (71) . The plasmid coding for mitogen-activated protein kinase p38␣ (pEBGp38␣, "p38␣-GST") was a gift of Dr. Yusen Liu (73) . The plasmid NFAT5-V5 was described previously (32) . The human ORE-X and NFAT5 transactivation luciferase reporters were previously described (17, 32) . siRNA against human GSK-3␤ was purchased from Santa Cruz Biotechnology. The control siRNA was described previously (30) . Transfections of siRNAs and DNA plasmids were done with Lipofectamine 2000, using the recommended ratio of siRNA or DNA to Lipofectamine 2000 (Invitrogen). All transfections were done by adding cell suspensions to plated complex of DNA or siRNA with Lipofectamine 2000 (reverse transfection). Luciferase activity was measured as previously described (72) .
Western analysis and antibodies. Cells were preincubated for 60 min with the chemical inhibitors before changing NaCl. After treatment, cells were washed once with ice-cold PBS adjusted to the osmolality of the medium by adding NaCl. For measuring phosphorylation, the samples were collected in Phosphosafe buffer (EMD Chemicals). For measuring NFAT5 protein abundance, the samples were collected with 1% Triton X-100, 150 mM NaCl, and 50 mM Tris·HCl, pH 7.4. All buffers were supplemented with a protease inhibitor tablet (Roche) immediately before use. Samples were analyzed by Western blotting and quantified by infrared imaging (Odyssey, Li-Cor). Antibodies against NFAT5 (catalog no. SC-13035) and Brg-1 (catalog no. SC-17796) were from Santa Cruz Biotechnology. Antibodies against GSK-3␤ (catalog no. 9315), GSK-3␤-S9-P (catalog no. 9336), MKK6 (catalog no. 9264), p38 (catalog no. 9212), p38-P (catalog no. 9216), p38␣ (catalog no. 9218), PKA catalytic subunit ␣ (catalog no. 5842), GAPDH (catalog no. 2118), and AKT1 (catalog no. 2920) were from Cell Signaling. ␤-Tubulin (catalog no. T8660) was from Sigma. Mouse anti-GSK-3␣/␤ (catalog no. 44 -610) was from Invitrogen.
NFAT5 transactivating activity and nuclear localization. NFAT5 transactivating activity was analyzed in HEK293 cells stably expressing a yeast binary GAL4 reporter assay system, as previously described (17) . For measuring NFAT5 nuclear localization, cells were transfected with GSK-3␤ siRNA or cotransfected with plasmids coding for NFAT5-V5 and GSK-3␤-HA for 24 h and then divided into two dishes and incubated for an additional 22 h. In one dish, the medium was replaced with fresh culture medium (290 mosmol/ kgH2O) and the other with medium at 500 mosmol/kgH2O (NaCl added) for 2 h. Cells were washed once with ice-cold PBS adjusted to the osmolality of the medium by adding NaCl. The cytoplasmic and nuclear proteins were extracted separately using NE-PER (Pierce). NFAT5 in each fraction was measured by Western blot analysis and the nuclear-to-cytoplasmic ratio was calculated from the concentrations in cytoplasmic and nuclear extracts and the relative volumes of the extracts (15) . The cytoplasmic protein ␤-tubulin and nuclear protein Brg-1 were monitored in each extract to exclude the possibility that the ratio was affected by inadequate separation of nuclear and cytoplasmic proteins.
GSK-3␤ activity. After treatments, HEK293 cells were washed once with ice-cold PBS adjusted to the osmolality of the medium by adding NaCl and lysed with ice-cold 1% Triton X-100, 150 mM NaCl, 50 mM Tris·HCl, pH 7.4, 2.0 M NaF, 2.0 M Na3VO4, and protease inhibitor cocktail tablet (Roche). GSK-3␤ was immunoprecipitated with rabbit anti-GSK-3␤ antibody (Cell Signaling, catalog no. 9315) at 4°C for 2 h. The immunoprecipitates were washed twice with the lysis buffer and once with the assay buffer. GSK-3␤ bound to agarose beads was incubated with its substrate (Promega, catalog no. V1991), according to the manufacturer's protocol. ADP released by the reaction into the supernatant was measured with the ADP-Glo Kinase Assay system (Promega, catalog no. V9101), according to the manufacturer's instruction. The beads were stripped with SDS-loading buffer at 95°C for 5 min and the immunoprecipitated GSK-3␤ was detected by Western blotting, quantified by infrared imaging (Odyssey, Li-Cor). The measured GSK-3␤ activity was normalized by the relative amounts of immunoprecipitated GSK-3␤.
Coimmunoprecipitation. HEK293 cells stably expressing NFAT5-V5 (32) were treated with the normotonic culture medium or hypertonic medium (NaCl added) for 2 h. After being washed once with ice-cold normotonic PBS or hypertonic PBS buffer (NaCl added), cells were collected in a lysis buffer containing 50 mM Tris·HCl (pH 7.4), 150 mM NaCl, and 1% Triton X-100 plus protease inhibitor tablet. The supernatant was incubated with agarose-conjugated mouse anti-V5 antibody (ABD Serotec, catalog no. MCA1360) at 4°C overnight, and then the agarose beads were gently washed twice with ice-cold lysis buffer. Proteins were stripped from the beads by SDS-loading buffer at 95°C for 5 min and analyzed by immunoblotting, using rabbit anti-GSK-3␤ (Cell Signaling, catalog no. 9315) and rabbit anti-SHP-1 (Santa Cruz Biotechnology, catalog no. SC-287).
Duolink in situ. Cells were fixed with 4% formaldehyde for 15 min at room temperature and for an additional 45 min on ice, permeablized with 0.5% Triton X-100 in PBS at room temperature for 15 min, blocked with Odyssey blocking buffer (Li-Cor) at room temperature for 30 min, and incubated with the mouse anti-V5 (1:250, ABD Serotec) and rabbit anti-GSK-3␤ (1:100, Cell Signaling). The rest of the analysis was performed according to the manufacturer's protocol (Olink Bioscience).
Statistics. Data are expressed as means Ϯ SE. The results were normalized to the 290 mosmol/kgH2O control and were log transformed for paired t-test or repeated-measures ANOVA with StudentNewman-Keuls post hoc comparison for multiple comparisons. P Ͻ 0.05 is considered significant.
RESULTS
Effect of GSK-3␤ on the transcriptional activity of NFAT5.
We tested the effect of siRNA-mediated knockdown of GSK-3␤ on transcriptional activity of NFAT5 by the use of HEK293 cells that stably express a luciferase reporter containing OREs. OREs are specific NFAT5 DNA binding sites. Knockdown of GSK-3␤ (Fig. 1A ) increases NFAT5 transcriptional activity both at 290 and 500 mosmol/kgH 2 O, NaCl added (Fig. 1B) . Knockdown of GSK-3␤ has no effect on the mutant ORE reporter at either tonicity (Fig. 1C) . We conclude that GSK-3␤ contributes to regulation of NFAT5 transcriptional activity.
Effect of GSK-3␤ on NFAT5 transactivating activity. High NaCl increases transactivating activity of NFAT5, as measured with a binary reporter system expressing the NFAT5 transactivating domain (17) . The activity in this assay depends on the expressed recombinant NFAT5 transactivation domain and is independent of native NFAT5. We used HEK293 cells that stably express the reporter to test for a role of GSK-3␤. siRNA-mediated knockdown of GSK-3␤ increases transactivating activity of NFAT5 both at 290 and 500 mosmol/kgH 2 O ( Fig. 2A) . We conclude that GSK-3␤ contributes to regulation of NFAT5 transactivating activity.
Effect of GSK-3␤ on NFAT5 protein abundance. High NaCl increases the amount of NFAT5 protein (44) . We used siRNAmediated knockdown to test for a role of GSK-3␤ in the high NaCl-induced increase of expression of NFAT5 protein abundance in HEK293 cells. Knockdown of GSK-3␤ increases NFAT5 protein at 290 mosmol/kgH 2 O, but it does not affect the high NaCl-induced increase of NFAT5 protein (Fig. 2B) . Thus, we find that GSK-3␤ reduces NFAT5 protein expression under normotonic conditions, but do not find that GSK-3␤ contributes to the high NaCl-induced increase of NFAT5 protein.
Lack of effect of GSK-3␤ on nuclear localization of NFAT5. High NaCl increases the nuclear localization of NFAT5 (36, 44) . GSK-3␤ inhibits the transcriptional activity of the other NFATs (NFAT1-4) by reducing their nuclear localization (3). However, siRNA-mediated knockdown of GSK-3␤ has no significant effect on high NaCl-induced nuclear localization of endogenous NFAT5 (Fig. 3A) , nor does overexpression of GSK-3␤ affect nuclear localization of recombinant NFAT5-V5 (Fig. 3B) .
Tests of physical association of GSK-3␤ with NFAT5.
We used anti-V5 to immunoprecipitate NFAT5-V5 from HEK293 cells that stably express NFAT5-V5 (32) . GSK-3␤ does not coimmunopreciptate with NFAT5-V5, although as observed previously (74), SHP-1 does (Fig. 3C ). Duolink in situ is an alternative way to detect association between proteins (61). In agreement with the results of immunoprecipitation, Duolink in situ does not detect physical association of NFAT5-V5 with GSK-3␤ (Fig. 3, D and E) . As a positive control, Duolink in situ does detect the previously reported (73) association of MKP-1 with p38 (Fig. 3F) . Thus, we fail to find evidence for direct physical association of GSK-3␤ with NFAT5.
Effect of high NaCl on phosphorylation of GSK-3␤-S9 and on activity of GSK-3␤. We confirm our previous finding (30) that high NaCl increases phosphorylation of GSK-3␤-S9 in HEK293 cells (Fig. 4A) . To test whether the effect is limited to HEK293 cells, we also tested mIMCD3 cells, finding the same result (Fig. 4A) . The increased phosphorylation is accompanied by decreased GSK-3␤ kinase activity (Fig. 4A) . We conclude that high NaCl increases phosphorylation of GSK-3␤-S9, which inhibits GSK-3␤ activity.
Effect on NFAT5 transcriptional activity of expressing wildtype and S9A-mutant GSK-3␤ in GSK-3␤-null cells. Since GSK-3␤ that is not phosphorylated on serine 9 inhibits NFAT5 transcriptional activity, we supposed that mutant GSK-3␤-S9A, which cannot be phosphorylated at position 9, might also reduce NFAT5 transcriptional activity. To examine that possibility, we transfected GSK-3␤-null cells with empty vector, wild-type GSK-3␤-HA, or GSK-3␤-S9A-HA (S9A-HA). Overexpression of GSK-3␤-HA reduces NFAT5 transcriptional activity relative to empty vector (Fig. 4B) . Overexpression of GSK-3␤-S9A-HA reduces NFAT5 transcriptional activity even more. We suppose that the great abundance of overexpressed GSK-3␤-HA prevents it from being completely phosphorylated. In agreement with this, Fig. 2 . A: siRNA-mediated knockdown of GSK-3␤ increases high NaClinduced elevation of NFAT5 transactivating activity. As in Fig. 1B except that we measured NFAT5 transactivating activity in HEK293 cells stably expressing a yeast binary GAL4 reporter assay system. B: siRNA-mediated knockdown of GSK-3␤ increases NFAT5 protein abundance at 290 mosmol/kgH2O. HEK293 cells were transfected with siRNA against GSK-3␤ for 32 h at 290 mosmol/kgH2O, and the medium was changed for 16 h, either maintaining it at 290 mosmol/kgH2O or increasing it to 500 mosmol/kgH2O (NaCl added). *P Ͻ 0.05 compared with control siRNA, repeated-measures ANOVA, n ϭ 3. Human embryonic kidney (HEK)293 cells stably expressing a luciferase reporter of NFAT5 transcriptional activity were transfected with siRNA against GSK-3␤ or control siRNAs for 32 h, and then osmolality was increased to 500 mosmol/kgH2O (NaCl added) or left at 290 mosmol/kgH2O for 16 h. We tested siRNAs from Santa Cruz Biotechnology, Cell Signaling, and Dharmacon, finding similar results. The result using the siRNA from Santa Cruz Biotechnology is displayed here.
A: siRNA decreases GSK-3␤ protein. B: knockdown of GSK-3␤ significantly increases NFAT5 transcriptional activity at both 290 and 500 mosmol/kgH2O (NaCl added) in HEK293 cells stably expressing a luciferase reporter containing a wild-type osmotic response element (ORE). C: siRNA has no significant effect at either osmolality when the reporter contains an ORE element mutated to prevent binding by NFAT5 (*P Ͻ 0.05, compared with control siRNAs, repeatedmeasures ANOVA, n ϭ 3).
GSK-3␤-S9A-HA, which cannot be phosphorylated at position 9, inhibits even more efficiently than GSK-3␤-S9-HA. NFAT5 activity is regulated by multiple signaling pathways (see Fig. 7 ). Since GSK-3␤ is only one component of these pathways, it is not surprising that overexpression of the GSK-3␤-S9A mutant only partially inhibits NFAT5 activity. Effect of PKA on phosphorylation of GSK-3␤-S9 and on the contribution of GSK-3␤ to regulation of NFAT5 transcriptional activity. High NaCl increases PKA activity, which contributes to high NaCl-induced increase of NFAT5 transcriptional and transactivating activities (16) . PKA can catalyze phosphorylation of GSK-3␤ (13), suggesting that inhibition of GSK-3␤ activity by PKA might contribute to the high NaClinduced increase of NFAT5 transcriptional activity. We applied H89 (10 M), a direct inhibitor of PKA, but not of GSK-3␤ (1) to test that possibility. H89 reduces phosphorylation of GSK-3␤-S9 at both NaCl concentrations (Fig. 5A) , supporting the idea that PKA contributes to high NaCl-induced phosphorylation of GSK-3␤-S9. We next tested the possibility that PKA contributes to high NaCl-induced increase of NFAT5 transcriptional activity by phosphorylating GSK-3␤. We overexpressed the catalytic subunit ␣ of PKA (PKAc␣) in GSK-3␤-null cells without or with reconstitution of GSK-3␤, keeping the osmolality at 300 mosmol/kgH 2 O so that any wild-type GSK-3␤-HA would be active. Overexpression of PKAc␣ does not affect NFAT5 transcriptional activity in GSK-3␤-null cells that are not reconstituted ("Null" in Fig. 5B ). However, reconstitution of the cells with GSK-3␤ reduces NFAT5 transcriptional activity ("GSK-3␤, EV" in Fig. 5B ), which is reversed by overexpression of PKAc ("GSK-3␤, PKAc␣" in Fig. 5B ), accompanied by increased phosphorylation of GSK-3␤-S9 (top panel in Fig. 5B ). We conclude that PKA contributes to activity of NFAT5 by increasing phosphorylation of GSK-3␤-S9, which reduces inhibitory GSK-3␤ activity.
Lack of involvement of p38␣ in regulation of NFAT5 transcriptional activity by GSK-3␤. High NaCl increases p38␣ activity, which contributes to the high NaCl-induced increase Fig. 4 . High NaCl increases phosphorylation of GSK-3␤-S9 and decreases GSK-3␤ activity. A: HEK293 cells: medium was replaced for 30 min with the same medium at 290 or an otherwise identical medium at 500 mosmol/kgH2O (NaCl added); mIMCD3 cells: medium was replaced for 30 min either with the same medium at 300 or an otherwise identical medium at 550 mosmol/kgH2O (NaCl added). GSK-3␤-S9 phosphorylation was measured by Western blot analysis of the ratio of phospho-GSK-3␤/total GSK-3␤. The activity of GSK-3␤ immunoprecipitated from HEK293 cells was measured with the ADP Glo Kinase Assay system (*P Ͻ 0.05 compared with respective control, paired t-test, n ϭ 3 for phosphorylation assay and n ϭ 4 for activity assay). B: overexpression of wild-type GSK-3␤-HA reduces NFAT5 transcriptional activity in GSK-3␤-null MEF cells, and overexpression of GSK-3␤-S9A reduces NFAT5 transcriptional activity even more. GSK-3␤ Ϫ/Ϫ mouse embryonic fibroblasts (MEFs) were cotransfected with a luciferase reporter of NFAT5 transcriptional activity (ORE-X) together either with the empty vector (EV) pcDNA3, pcDNA3-GSK-3␤-HA wild-type (GSK-3␤-HA), or pcDNA3-GSK-3␤-S9/A-HA (S9A-HA) for 24 h, and then osmolality was increased to 500 mosmol/kgH2O (NaCl added) or left at 300 mosmol/kgH2O for an additional 24 h before ORE-X reporter activity was measured. *P Ͻ 0.05 vs. EV at 300 mosmol/kgH2O. **P Ͻ 0.05 vs. EV at 500 mosmol/kgH2O. ***P Ͻ 0.05 vs. GSK-3␤-HA at 500 mosmol/kgH2O, repeatedmeasures ANOVA, n ϭ 4. Fig. 3 . A and B: GSK-3␤ does not affect NFAT5 nuclear localization. A: HEK293 cells were transfected with siRNA against GSK-3␤ or control siRNAs and treated as in Fig. 1 except that osmolality was increased for only 2 h. Proteins were extracted separately from cytoplasm and nuclei and then analyzed by Western blotting, and the nuclear-to-cytoplasmic ratio of NFAT5 was calculated. Note that the subcellular distributions of ␤-tubulin (cytoplasmic marker) and Brg-1 (nuclear marker) are unaffected by NaCl concentration. B: as in A except that HEK293FT cells were transiently cotransfected with plasmids coding for GSK-3␤-HA and NFAT5-V5. C-E: lack of evidence for direct association of GSK-3␤ with NFAT5. C: NFAT5-V5 was immunoprecipitated from HEK293 cells that stably express it (32) after the medium was replaced for 2 h either with the same medium at 290 or an otherwise identical medium at 500 mosmol/kgH2O (NaCl added). SHP-1 coimmunoprecipitates with NFAT5-V5, but GSK-3␤ does not. D and E: after HeLa cells were transfected with NFAT5-V5, they were transferred for 24 h to Lab-Tek chamber slides for an additional 22 h before the medium was replaced for 2 h either with the same medium at 290 or an otherwise identical medium at 500 mosmol/kgH2O (NaCl added). Then, Duolink in situ assay was performed. No association (red staining) is detected between NFAT5-V5 and GSK-3␤. F: positive control for the Duolink assay confirming in HeLa cells the previously observed (73) direct association of p38 with MKP-1-GST in mouse inner medullary collecting duct cells (mIMCD3) cells. of NFAT5 transcriptional activity (35, 73) . p38 Has been reported to catalyze phosphorylation of GSK-3␤ (40, 45) , suggesting that inhibition of GSK-3␤ activity by p38␣ might contribute to high NaCl-induced increase of NFAT5 transcriptional activity. To test that possibility, we overexpressed p38␣ together with catalytically active MKK6 (caMKK6), which activates p38␣, in GSK-3␤-null cells at 300 mosmol/kgH 2 O. p38␣ Does not significantly affect phosphorylation of GSK-3␤-S9 (Fig. 5C) . When GSK-3␤-null cells are not reconstituted ("Null"), transfection of p38␣ plus caMKK6 increases NFAT5 transcriptional activity, demonstrating that p38 can activate NFAT5 independent of GSK-3␤ (Fig. 5D) . Simply reconstituting the cells ("GSK-3␤") reduces NFAT5 transcriptional activity, confirming that GSK-3␤ negatively regulates NFAT5 activity. When the null cells are reconstituted so that they express GSK-3␤, not only does increasing p38 activity (by transfection of p38␣ plus caMKK6) not significantly increase phosphorylation of GSK-3␤-S9 (Fig. 5C ), but NFAT5 transcriptional activity is increased much less than in the absence of GSK-3␤ (Fig. 5D) . Incidentally, overexpression of p38␣ alone without caMKK6 to activate it has no significant effect on NFAT5 transcriptional activity with or without reconstitution of GSK-3␤ (Fig. 5E) . We conclude that p38␣-induced increase of NFAT5 activity is independent of GSK-3␤.
Effect of PI3K and AKT1 on phosphorylation of GSK-3␤-S9 and NFAT5 transcriptional activity. PI3K and its downstream kinase AKT1, which are known to inactivate GSK-3␤ by increasing its phosphorylation (34) , are also known to contribute to high NaCl-induced activation of NFAT5 (30, 58) , suggesting that GSK-3␤ might mediate the activation of NFAT5 by PI3K and AKT1. We inhibited PI3K and AKT1 to test this possibility. Wortmannin (200 nM), an inhibitor of PI3K, reduces phosphorylation of GSK-3␤-S9 in mIMCD3 cells both at 300 mosmol/kgH 2 O and when osmolality is increased to 550 mosmol/kgH 2 O by adding NaCl (Fig. 6A) . Triciribine (10 M), an inhibitor of AKT, reduces phosphorylation of GSK-3␤-S9 at 550 but not at 300 mosmol/kgH 2 O (Fig. 6A) . We suppose that triciribine does not reduce phosphorylation of GSK-3␤-S9 at 300 mosmol/kgH 2 O because AKT1 activity is already low at that osmolality. Furthermore, overexpression of catalytically active AKT1 (caAKT1) in unreconstituted GSK-3␤-null MEF cells (Null) at 300 mosmol/ kgH 2 O does not affect NFAT5 transcriptional activity, but, when the cells are reconstituted, overexpression of caAKT1 increases NFAT5 transcriptional activity significantly (GSK-3␤; Fig. 6B ). Also, caAKT1 increases phosphorylation of GSK-3␤ in reconstituted cells (Fig. 6B, top panel) , as previously reported (12) . Incidentally, neither wortmannin nor triciribine significantly affects high NaCl-induced phosphorylation of p38 (Fig. 6C) . We conclude that PI3K and AKT1 contribute to the high NaCl-induced increase of NFAT5 transcriptional activity by phosphorylating GSK-3␤-S9, which reduces inhibition of NFAT5 by GSK-3␤.
DISCUSSION
GSK-3␤ is a widely expressed and highly conserved serine/ threonine protein kinase (34) . Over 100 cytoplasmic and nuclear proteins were proposed as substrates of GSK-3 (29, 34) , including NFATc, but not NFAT5, which we identify here. GSK-3␤ is inhibited by phosphorylation at S9, and also at Fig. 5 . A: PKA contributes to high NaCl-induced phosphorylation of GSK-3␤-S9. mIMCD3 cells were preincubated with 0.1% DMSO (control) or 10 M PKA inhibitor H89 in DMSO for 60 min at 300 mosmol/kgH2O, and then the medium was changed for 30 min to an identical one or an otherwise identical one in which osmolality was increased to 500 mosmol/kgH2O (NaCl added). Phospho-GSK-3␤-S9 and total GSK-3␤ were measured by Western blot analysis. *P Ͻ 0.05 compared with DMSO at 300 mosmol/kgH2O. **P Ͻ 0.05, compared with DMSO at 550 mosmol/kgH2O, repeated-measures ANOVA, n ϭ 3. B: PKA increases phosphorylation of GSK-3␤-S9 which contributes to high NaCl-induced increase of NFAT5 transcriptional activity. GSK-3␤-null MEFs were cotransfected at 300 mosmol/kgH2O with a luciferase reporter of NFAT5 transcriptional activity (ORE-X), GSK-3␤-HA (GSK-3␤), or EV (Null), and catalytically active PKA (PKAc␣) or EV for 24 h, and then the medium was refreshed for an additional 24 h before luciferase activity was measured. *P Ͻ 0.05 vs. EV in the null cells. **P Ͻ 0.05 vs. EV in the GSK-3␤ reconstituted group, GSK-3␤, repeated-measures ANOVA, n ϭ 4. Expression of PKAc␣ and GSK-3␤-HA was identified by anti-PKA and anti-GSK-3␤ antibodies, respectively (top). Reconstitution of the null cells with GSK-3␤ inhibits NFAT5 transcriptional activity, but PKA activity increases phosphorylation of GSK-3␤ and reverses the inhibition. (C to E). The stimulatory effect of p38␣ on NFAT5 activity is not mediated by inhibitory phosphorylation of GSK-3␤-S9. C and D: GSK-3␤-null MEFs were cotransfected at 300 mosmol/kgH2O with a luciferase reporter of NFAT5 transcriptional activity (ORE-X), GSK-3␤-HA (GSK-3␤), or EV (Null), and p38␣-GST plus catalytically active MKK6 (caMKK6) or their EVs as in B, before measurement of luciferase activity and Western blot analysis. *P Ͻ 0.05 vs. EV in the null cells. **P Ͻ 0.05 vs. EV in the GSK-3␤ reconstituted group, GSK-3␤. #P Ͻ 0.05 vs. p38␣-GST and caMKK6 in the null cells, repeated-measures ANOVA, n ϭ 3. E: GSK-3␤-null MEFs were cotransfected at 300 mosmol/ kgH2O with a luciferase reporter of NFAT5 transcriptional activity (ORE-X), GSK-3␤-HA (GSK-3␤) or EV (Null), and p38␣-GST or its EV as in B, and then luciferase activity was measured. *P Ͻ 0.05 vs. EV in the null cells. **P Ͻ 0.05 vs. p38␣-GST in the null cells, repeated-measures ANOVA, n ϭ 3.
other sites, including S389 (60) and T43 (10) . Phosphorylation of GSK-3␤ within its N-terminal region creates a "pseudosubstrate" that intramolecularly binds to a "phosphoprotein binding pocket" within the active site of the kinase, suppressing activity by occluding substrate access to the binding pocket (18) . High NaCl increases phosphorylation of GSK-3␤-S9 in HEK293 cells and mIMCD3 cells and decreases GSK-3␤ activity as measured in HEK293 cells (Fig. 4A) . It is noteworthy that the effect of high NaCl may be cell specific, since the opposite effect was observed with the renal medullary interstitial cells (55) . The phosphorylation that inactivates GSK-3␤ is increased by protein kinases and is decreased by phosphatase-1  (29, 69) . Accordingly, siRNA-mediated knockdown of phosphatase-1 increases NFAT5 activity (74) . GSK-3␤ is one of the handful of the over 500 known protein kinases that has a strong preference for substrates that are already primed by phosphorylation at a serine/threonine near the GSK-3 target residue (29, 34) . GSK3␤ preferentially phosphorylates proteins and peptides at serine or threonine residues that flank another phosphoserine or phosphothreonine, located four residues C-terminal to the GSK-3␤ site (50, 64) .
Regulation of NFAT5 activity by GSK-3␤. We considered whether GSK-3␤ could directly regulate NFAT5 activity by inhibitory phosphorylation of serines and/or threonines in NFAT5. We attempted to identify such serines and threonines by searching for sites that match the consensus GSK-3␤ phosphorylation pattern. Unfortunately, the GSK-3␤ consensus pattern of [ST]-X-X-X-p[ST] (11) does not discriminate sufficiently to distinguish between the 216 serines in NFAT5 (41 of which match the consensus) and the 111 threonines (11 of which match the consensus). Various search engines predict GSK-3 phosphorylation sites based on other criteria in addition to amino acid pattern. Predicted sites in NFAT5 include S145 (NetPhosK, PhosphoMotif Finder, GPS 2.1), S744 (PhosphoMotif Finder, GPS 2.1), S842 (PhosphoMotif Finder), S1168 (PhosphoMotif Finder, GPS 2.1), S1364 (NetPhosK, PhosphoMotif Finder, GPS 2.1), and S1436 (NetPhosK, PhosphoMotif Finder, GPS 2.1). We do not know whether any of these sites is phosphorylated at 300 because of GSK-3␤ activity and becomes dephosphorylated because high NaCl inhibits GSK-3␤. Direct GSK-3␤-induced inhibition of NFAT5 when NaCl is not elevated presumably requires priming by phosphorylation of a serine or threonine distal to the GSK-3␤ site. Dephosphorylation of the priming site could itself contribute to activation of NFAT5. We are unaware of protein kinases, besides GSK-3␤, whose inhibition by high NaCl contributes to activation of NFAT5. However, our siRNA screen (74) identified 16 protein phosphatases whose knockdown decreases activation of NFAT5 by high NaCl, making them candidates for such a role. Finally, we cannot rule out the possibility that regulation of NFAT5 by GSK-3␤ is indirect, involving intermediate downstream signaling proteins, and we failed to find evidence that NFAT5 and GSK-3␤ directly interact with each other (Fig.  3, C to F) .
GSK-3␤ affects nuclear localization of NFAT1-4, but not NFAT5. All the members of the NFAT family are important substrates of GSK-3␤, but the effect of GSK-3␤ on nuclear localization of NFAT1-4 differs from that on nuclear localization of NFAT5. All of the NFATs reside in the cytoplasm and translocate to the nucleus upon activation. However, phosphorylation of serines in serine-proline repeats, conserved in the amino terminus of NFAT1-4, controls their nuclear localization. GSK-3␤ phosphorylates these serine residues, which promote nuclear exit of NFAT1-4 and result in inhibition of NFAT1-4 transcriptional activity (3). Calcineurin dephosphorylates the serine residues, which increase nuclear localization of NFAT1-4 (2, 57). Unlike NFAT1-4, NFAT5 does not contain serine-proline repeats in its amino terminus (24, 44) . Instead, high NaCl-induced phosphorylation of other amino acids regulates nuclear localization of NFAT5. For example, phosphorylation of tyrosine 143 (21, 31, 74) , threonine 135 (20) , and serines 155 and 158 (66) regulates nuclear import and export of NFAT5. The difference in amino acid composition Fig. 6 . A: PI3 kinase and AKT1 contribute to high NaCl-induced phosphorylation of GSK-3␤-S9. mIMCD3 cells were preincubated with 0.1% DMSO (control), 200 nM wortmannin (PI3K inhibitor), or 10 M triciribine (AKT1 inhibitor) for 60 min at 300 mosmol/kgH2O, and then the medium was changed for 30 min to the identical one or to an otherwise identical one at 550 mosmol/kgH2O (NaCl added). Phospho-GSK-3␤-S9 and total GSK-3␤ were measured by Western blot analysis. *P Ͻ 0.05 vs. DMSO at 300 mosmol/kgH2O. **P Ͻ 0.05 vs. DMSO at 550 mosmol/kgH2O, repeated-measures ANOVA, n ϭ 3. Inhibition of PI3K or AKT1 prevents the high NaCl-induced increase of phosphorylation of GSK-3␤-S9. B: overexpression of caAKT1 eliminates the inhibitory effect of GSK-3␤ on NFAT5 transcriptional activity accompanied by increased phosphorylation of GSK-3␤-S9. GSK-3␤-null MEFs were transfected at 300 mosmol/kgH2O with luciferase reporter of NFAT5 transcriptional activity (ORE-X), GSK-3␤-HA (GSK-3␤), or EV and caAKT1 or EVs for 24 h, and then the medium was replaced with one still at 300 mosmol/kgH2O for an additional 24 h, before measuring luciferase activity. Lysate was immunoblotted to verify expression of caAKT1, GSK-3␤, and phosphorylation of GSK-3␤-S9 (top). *P Ͻ 0.05 vs. EV in null cells. **P Ͻ 0.05 vs. EV in GSK-3␤ reconstituted cells, repeatedmeasures ANOVA, n ϭ 3. C: wortmannin or triciribine has no significant effect on phosphorylation of p38. mIMCD3 cells were treated as in A (n ϭ 3).
explains why GSK-3␤ affects nuclear localization of NFAT5 differently from nuclear localization of NFAT1-4.
Regulation of NFAT5 by PKA via GSK-3␤. Activation of PKA by high NaCl contributes to the high NaCl-induced increase of NFAT5 transcriptional and transactivating activities (17) . Our present results reveal that inhibition of GSK-3␤ is in the signaling pathway that is involved, consistent with the previous finding that GSK-3␤ is a substrate of PKA (13) . PKA inhibits GSK-3␤ by phosphorylating it on serine 9 (13). High NaCl increases phosphorylation of GSK-3␤-S9 (Fig. 5A) . Inhibition of PKA by H89 inhibits the increased phosphorylation (Fig. 5A) . Also, catalytically active PKA does not increase NFAT5 activity unless GSK-3␤ is expressed (Fig. 5B) . Thus, the contribution of PKA to high NaCl-induced increase of NFAT5 transcriptional activity is mediated through GSK-3␤.
PI3K and AKT1 regulate NFAT5 via GSK-3␤. High NaCl activates PI3K and its downstream target AKT1, which contributes to the high NaCl-induced increase of NFAT5 activity (30, 58) . The previously known pathway was via ATM (32) . High NaCl activates ATM, and suppression of PI3K-IA reduces activation of ATM by high NaCl. Thus, the contribution of PI3K to high NaCl-induced activation of NFAT5 occurs, at least in part, through a PI3K-ATM-NFAT5 pathway (30, 32) . Now, we find evidence for an additional pathway, namely PI3K-AKT1-GSK-3␤-NFAT5. Inhibition of PI3K by wortmannin or of AKT1 by triciribine reduces phosphorylation of GSK-3␤-S9 (Fig. 6A) . Also, overexpression of caAKT1 increases NFAT5 transcriptional activity in GSK-3␤-null cells only if they are reconstituted with GSK-3␤ (GSK-3␤; Fig. 6B ). We conclude that PI3K phosphorylates GSK-3␤-S9 via AKT1, which reduces the inhibitory effect of GSK-3␤ on NFAT5.
Contribution of p38␣ to high NaCl-induced activation of NFAT5 is independent of GSK-3␤. Studies using a p38 inhibitor, SB203580, reached the conclusion that p38 increases the inhibitory phosphorylation of GSK-3␤-S9 induced by hepatocyte growth factor (40) and veratridine (45) . However, we do not find that overexpression of p38␣ increases phosphorylation of GSK-3␤-S9 (Fig. 5C ). SB203580 reduces adiponectininduced phosphorylation of GSK-3␤ at yet another site, namely, S389 (68) . That raises the possibility that high NaClinduced activation of p38␣ could inhibit GSK-3␤ by phosphorylation of GSK-3␤-S389. However, overexpression of p38␣ does not reverse the inhibitory effect of GSK-3␤ on NFAT5 transcriptional activity (Fig. 5D) , a finding independent of what site in GSK-3␤ might be phosphorylated by p38. We conclude that the stimulatory effect of p38␣ on NFAT5 is not mediated by inhibition of GSK-3␤. Along the same line, inhibition of GSK-3␤ is also independent of p38 in cyclic strain of vascular smooth muscle cells (25) . Although previous studies showed that AKT1 can act upstream of p38 (38) , we and others demonstrated that wortmannin and triciribine have no significant effect on high NaCl-induced stimulatory phosphorylation of p38 (Fig. 6C) (58) , indicating that the effect of PI3K and AKT1 on GSK-3␤ and NFAT5 is independent of p38␣.
Summary of protein kinases and phosphatases that regulate NFAT5 activity. Proteomic, immunoblotting, and mutational analyses revealed that the tonicity-dependent phosphorylation of multiple serine, threonine, and tyrosine residues in NFAT5 contributes to regulation of its transcriptional activity (20, 21, 31, 32, 66, 74) . Therefore, it is not surprising that NFAT5 is regulated by multiple kinases and phosphatases. In Fig. 7 , we summarize the kinases and phosphatases that we presently know regulate NFAT5. All interactions depicted are in the context of hypertonicity. Bold lines represent direct interaction between components of a pathway or between a signaling molecule and NFAT5. Dashed lines indicate effects not known to be direct. Hypertonicity induces a MAPK cascade that begins with autophosphorylation of MEKK3 at S526 and culminates in MKK6-mediated activation of p38␣ (19) . MEKK3 and MKK6 activate NFAT5 transcriptional activity via p38␣ (35, 48, 73) . No site directly phosphorylated by p38␣ has been identified in NFAT5, but p38␣ does mediate coactivation of NFAT5 transcriptional and transactivating activities via c-Jun and c-Fos. c-Jun and c-Fos associate physically with NFAT5 and the AP1 site that flanks an NFAT5 ORE in several genes (33) . Fyn and ERK increase NFAT5 transactivating activity (35, 62) . The mechanism by which PKC (39) activates NFAT5 transcription is unknown. Fyn, ERK, and PKC probably activate NFAT5 indirectly through other signaling molecules. CK1 and CDK5 directly phosphorylate NFAT5 at S158 and T135, which produces complementary results (20, 66) . CK1 stimulates NFAT5 export from the nucleus at low NaCl (66), whereas CDK5 stimulates its localization to the nucleus at high NaCl (20) . c-Abl and PLC-␥1 act directly on NFAT5. c-Abl phosphorylates NFAT5 on Y143, which facilitates binding of PLC-␥1, and stimulates nuclear localization of NFAT5 (21, 31) . SHP-1 phosphatase, which is inhibited by high NaCl, opposes the action of c-Abl by dephosphorylating NFAT5-Y143 and thus reduces nuclear localization of NFAT5 (74) . c-Abl and PLC-␥1 stimulate NFAT5 transactivating activity, and SHP-1 inhibits it (21, 31, 74) . PLC-␥1 mediates the increase of NFAT5 transactivating activity caused by Rac and OSM (75) . c-Abl and PI3K both contribute to high NaClinduced activation of ATM (21, 30) . ATM in turn increases NFAT5 nuclear localization (70) and also increases NFAT5 transactivating activity by phosphorylating NFAT5-S1247 and -S1367 (32) .
Perspectives
The finding that GSK-3␤ acts downstream of multiple signaling pathways that have distinct effects raises the question of how GSK-3␤ can selectively signal to NFAT5 in the context of hypertonicity. It has been proposed that GSK is distributed between scaffolding proteins and other structures so that each system has its own population of GSK-3 molecules "assigned" to it, and this effectively insulates the signals since the GSK-3 subpopulations do not intermingle or exchange (34) . The same possibility applies to other hypertonicity-induced mediators of NFAT5 activity, such as p38␣, PKA, and ATM, each of which is involved in numerous signaling pathways. In addition to compartmentalization, the multiple transducers that signal hypertonicity compose a system in which the combined effect provides a specificity that is lacking in the individual components. Cells in various organs such as thymus and spleen (23), intervertebral discs (37) , and, most notably, the kidney medulla (14) are normally exposed to a hyperosmotic environment. Cells in general also are impacted by the hyperosmolality of hypernatremia (49) , diabetes mellitus (6), and inflammatory bowel disease (59) and in other conditions (46) . Based on the present study, further analysis of the role of GSK-3␤ may help to understand how cells cope with the hyperosmotic stress associated with these various physiological and pathophysiological conditions.
